Scramblases catalyze the movement of lipids between both leaflets of a bilayer. Whereas the Xray structure of the protein nhTMEM16 has previously revealed the architecture of a Ca 2+dependent lipid scramblase, its regulation mechanism has remained elusive. Here, we have used cryo-electron microscopy and functional assays to address this question. Ligand-bound and ligandfree conformations of nhTMEM16 in detergents and lipid nanodiscs illustrate the interactions with its environment and they reveal the conformational changes underlying its activation. In this process, Ca 2+ -binding induces a stepwise transition of the catalytic subunit cavity, converting a closed cavity that is shielded from the membrane in the absence of ligand, into a polar furrow that becomes accessible to lipid headgroups in the ligand-bound state. Additionally, our structures demonstrate how nhTMEM16 distorts the membrane at both entrances of the subunit cavity, thereby decreasing the energy barrier for lipid movement.
INTRODUCTION
The movement of lipids between both leaflets of a phospholipid bilayer, which is also referred to as lipid flip-flop, is energetically unfavorable since it requires the transfer of the polar headgroup from its aqueous environment across the hydrophobic core of the membrane (Kornberg and McConnell, 1971) . Consequently, spontaneous lipid flip-flop is rare and occurs at a time scale of several hours. Whereas the sparsity of this event permits the maintenance of lipid asymmetry, there are processes that require the rapid transbilayer movement of lipids (Bevers and Williamson, 2016; Sanyal and Menon, 2009) . Proteins that facilitate this movement, by lowering the associated high energy barrier, are termed lipid scramblases (Pomorski and Menon, 2006; Williamson, 2015) .
Lipid scramblases are generally non-selective and do not require the input of energy. They participate in various cellular functions ranging from lipid signaling during blood coagulation and apoptosis, to the synthesis of membranes, cell division and exocytosis (Nagata et al., 2016; Whitlock and Hartzell, 2016) . First structural insight into lipid scrambling was provided by the Xray structure of the fungal protein nhTMEM16 (Brunner et al., 2014) . This protein is part of the TMEM16 family (Milenkovic et al., 2010) , which encompasses calcium-activated ion channels and lipid scramblases with a conserved molecular architecture (Brunner et al., 2016; Caputo et al., 2008; Falzone et al., 2018; Schroeder et al., 2008; Suzuki et al., 2013; Suzuki et al., 2010; Yang et al., 2008) . As common for the family, nhTMEM16 is a homodimer with subunits containing a cytoplasmic domain and a transmembrane unit composed of 10 membrane-spanning segments.
The lipid permeation path is defined by a structural entity termed the 'subunit cavity', which is located at the periphery of each subunit. In the X-ray structure, which was obtained in the presence of Ca 2+ , this site exposes a continuous polar cavity that spans the entire membrane and that is of appropriate size to harbor a lipid headgroup (Brunner et al., 2014) . The 'subunit cavity' is believed to provide a pathway for the polar moieties of lipids across the membrane, whereas the apolar acyl chains remain embedded in the hydrophobic core of the membrane (Bethel and Grabe, 2016; Brunner et al., 2014; Jiang et al., 2017; Lee et al., 2018; Malvezzi et al., 2018; Stansfeld et al., 2015) . This process resembles the credit-card mechanism for lipid scrambling, which was previously proposed based on theoretical considerations (Pomorski and Menon, 2006) . Although in this structure, Ca 2+ ions were identified to bind to a conserved site in the transmembrane domain, the mechanism of how Ca 2+ activates the protein and how the protein interacts with the surrounding lipids remained elusive. To gain insight into these questions, we have determined structures of the protein in Ca 2+ -bound and Ca 2+ -free conformations by single particle cryo-electron microscopy (cryo-EM), both in detergent and in a membrane environment and we have characterized the effect of mutations on the activation process. Our data reveal two essential features of nhTMEM16. They show how the protein distorts the membrane to lower the energy barrier for lipid movement by steering translocating lipids into the subunit cavity. Additionally, they define the conformational changes leading to the opening of the cavity, which is shielded from the membrane in a Ca 2+ -free conformation, but exposes a hydrophilic furrow for the permeation of lipids upon Ca 2+ binding in a stepwise process, involving coupled ligand-dependent and ligand-independent steps.
Results

Structural characterization of nhTMEM16 in detergent
For our investigations of the ligand-induced activation mechanism of the lipid scramblase nhTMEM16, we have recombinantly expressed the protein in the yeast S. cerevisiae, purified it in the absence of Ca 2+ and added the ligand during sample preparation for structure determination and transport experiments. For the structural characterization of nhTMEM16, we have initially studied ligand-bound and ligand-free samples in detergent by cryo-EM. By this approach we have obtained two datasets of high quality and of sufficient resolution (i.e. 3.6 Å for Ca 2+ -bound and 4.0 Å for Ca 2+ -free conditions) for a detailed interpretation by an atomic model (Figures 1, S1 and S2, Table S1 and Movies S1 and S2). In the data obtained in the presence of Ca 2+ , we find a conformation of the protein, which closely resembles the X-ray structure with a root mean square deviation (RMSD) of Cα atoms of 0.65 Å ( Figures 1A and 1B) . The high similarity prevails irrespective of the absence of crystal packing interactions and despite the fact that the sample used for cryo-EM was only briefly exposed to Ca 2+ at a comparably low (i.e. 300 µM) concentration, whereas for the X-ray structure, the protein was exposed to Ca 2+ during purification and crystallization at a 10-fold higher concentration (Brunner et al., 2014) . Cryo-EM density at the conserved Ca 2+ -binding site, contained within each subunit of the homodimer, clearly indicates the presence of two bound Ca 2+ ions located at the position originally identified in the X-ray structure ( Figure 1C ) (Brunner et al., 2014) . The structural similarity between cryo-EM and X-ray structures emphasizes that the observed conformation likely displays an active state of the protein rather than an inactive state caused by prolonged exposure to Ca 2+ . Remarkably, we found a very 5 similar structure of the protein in the absence of Ca 2+ , thus underlining the stability of this conformation in detergent solution irrespective of the presence of the ligand (Figures 1D and 1E) .
Although both structures display equivalent conformations of the protein, the structure determined in the absence of Ca 2+ clearly shows an altered distribution of the ligand in its binding site, concomitantly with a weaker density of the C-terminal part of α6, which hints at a larger mobility of this helix in the absence of Ca 2+ (Figure 1D, 1F, S2G and S2H) . In this structure, both strong peaks of the ligand found in the Ca 2+ -bound conformation are absent and instead replaced by a weak residual density at low contour located between the two Ca 2+ positions ( Figure 1F ). Since, due to the presence of mM amounts of EGTA, the free Ca 2+ -concentration is estimated to be in the low nM range, this density might either correspond to a bound water molecule or a Na + ion, which is present in the sample buffer at a concentration of 150 mM. We think that the observed stability of the subunit cavity displayed in structures in detergent, irrespectively of the presence of ligand, does not reflect an intrinsic property of the protein but instead might be a consequence of experimental conditions, which stabilize the observed conformation. The Ca 2+ -free conformation in detergent might thus display a conformation that is responsible for the basal activity of nhTMEM16 and other fungal scramblases observed in scrambling experiments ( Figure S3A ) (Brunner et al., 2014; Malvezzi et al., 2013) .
Structure of the Ca 2+ -bound and Ca 2+ -free states of nhTMEM16 in lipid nanodiscs
The absence of ligand-induced conformational transitions of nhTMEM16 in detergent motivated us to study the structure of the protein in a lipid bilayer. For that purpose, we have reconstituted nhTMEM16 into nanodiscs of different sizes using a lipid composition at which the protein retains its activity as lipid scramblase, although with significantly slower kinetics ( Figures S3A and S3B ).
These samples were used to determine structures of ligand-bound and ligand-free states in a nativelike environment at a resolution of 3.6 Å and 3.8 Å, respectively (Figures 2, S3 to S5, Table S1 , and Movies S3 and S4). In all cases, the protein is located close to the center of an oval-shaped disc with its long dimensions oriented about parallel to the short diameter, a behavior that is more pronounced at high lipid to protein ratio resulting in larger discs (Figures S3C to S3E) . The orientation reflects a preference of lipids for locations distant from the subunit cavity, which appears to destabilize the bilayer. In the condition used for data collection at high resolution, nanodiscs were assembled with 2N2 scaffolding protein at a lipid to protein ratio of 145:1, which 6 results in assemblies that are approximately 165 x 140 Å in size (Figure S3C ). Datasets in both conditions are of excellent quality and provide an unambiguous view of nhTMEM16 in different conformations (Figures 2, S4 and S5, and Table S1 ).
The differences between structures of nhTMEM16 determined in detergents and in a lipid environment are most pronounced for the Ca 2+ -free state (Figures 2A and 2B ). Whereas the structure in detergent displays a conformation where the subunit cavity is accessible to the membrane, the same region has changed its accessibility in the nanodisc sample. Here, the movement of α4 has led to a collapse of the cavity, similar to a conformation observed in the ion channel TMEM16A ( Figures 2B and 2C ). This movement is accompanied by a conformational change of α6, as a consequence of the absence of stabilizing interactions with the ligands (Figures 2B and 2D) . Generally, the Ca 2+ -free state of nhTMEM16 in nanodiscs is very similar to the equivalent structure of the lipid scramblase TMEM16F, which is described in an accompanying paper, thus underlining that both structures display an inactive conformation of the scramblase in the absence of ligand ( Figure S6A ). Different from the data of the Ca 2+ -free protein in nanodiscs, the cryo-EM data obtained for the Ca 2+ -bound samples in nanodiscs shows a large conformational heterogeneity along the subunit cavity, as reflected in the weaker densities for α-helices 3 and 4 ( Figures 2E and S5 ). The predominant conformation shows well-resolved cryo-EM densities for two Ca 2+ ions and a rigid structure of α6, in place coordinating the ligand (Figure 2E and 2H) . Figure S5 ). The distinct distribution of states, with a majority of nhTMEM16 residing in a potentially inactive conformation, is reflected in the lower activity of the protein in this lipid composition ( Figure S3A 
Conformational transitions
The diversity of conformations of nhTMEM16 observed in various datasets and the presence of different populations in the Ca 2+ -bound sample in lipid nanodiscs, suggest that our structures represent distinct states of a stepwise activation process. In all structures, the core of the protein is conserved and the largest movements are observed in the vicinity of the subunit cavity (Figures 2B, 2F, 2G and 3, and Movie S5). The Ca 2+ -bound conformation in detergents, which closely resembles the X-ray structure, shows the widest opening of the subunit cavity and thus likely depicts a scrambling-competent state of the protein ( Figure 3A ). In this presumably 'open state', α-helices 4 and 6 are separated from each other on their entire length framing the two opposite edges of a semicircular polar cavity that is exposed to the lipid bilayer ( Figure 3A ). In this case, the interaction of α3 with α10 of the adjacent subunit on the intracellular side appears to limit the movement of the tightly interacting α4, thus preventing a further widening of the cavity on the intracellular side ( Figures 4A and 4B ). On the opposite border of the cavity, α6 is immobilized in its position by the bound Ca 2+ ions, which results in a tight interaction with α7 and α8 (Figure s 4B and 4C) . In the main class of the nanodisc sample in the presence of ligand, we find marked conformational changes compared to the 'open state' of the detergent structure. The most pronounced differences are found for the α3-α4 pair ( Figure 4 ). The intracellular part of α3 (but not the α2-α3 loop contacting the helix Cα1 following α10) has detached from its interaction with α10, leading to a concomitant movement of α4 at the same region ( Figure 4A ). This movement has also affected the conformation of the extracellular part of α4, which has approached α6 thereby forming initial contacts between both helices ( Figures 3B and 4B ). The subunit cavity in this conformation is no longer exposed to the membrane at its extracellular part and the structure thus likely represents an intermediate of the scramblase towards activation ( Figure 3B ). This 'intermediate state' is remarkable in light of the observed ion conduction in nhTMEM16 and other TMEM16 scramblases (see accompanying manuscript) (Lee et al., 2016; Suzuki et al., 2013; Yang et al., 2012; Yu et al., 2015) , as it displays a conformation containing a potential protein-enclosed aqueous pore ( Figures S6B and S6C ). The interactions between α4 and α6 tighten in the Ca 2+ -free conformation observed in nanodiscs, thereby constricting the aqueous pore observed in the 'intermediate state' (Figures 3C, 4B, 4C, S6B and S6C) . Here, the dissociation of the ligand from the protein has allowed a relaxation of α6 leading to its detachment from α8 at the intracellular part of the helix ( Figures 4B and 4C ). Although, unlike TMEM16A and TMEM16F, nhTMEM16 8 does not contain a flexible glycine residue at the hinge, the movements occur at a similar region (Paulino et al., 2017a) . The observed changes at its intracellular part are accompanied by comparatively smaller rearrangements of α6 extracellular to the binding site (Figures 3C, 4B and 4C) . These rearrangements likely promote a further reorientation of the extracellular half of α4 towards α6 and a tightening of the interaction interface between both α-helices, resulting in a conformation that resembles equivalent interactions in the ion channel TMEM16A and the lipid scramblase TMEM16F ( Figures 2C, 3C , 4B and S6A, see also accompanying manuscript). In the transition from an 'open' to a 'closed state' α4 undergoes the largest changes among all parts of nhTMEM16 with two prolines (Pro 332 and Pro 341) and a glycine (Gly 339) serving as potential pivots for helix-rearrangements ( Figure 4D ). Remarkably, both prolines are conserved among fungal homologues and Pro 332 is also found in TMEM16K, the closest mammalian orthologue of nhTMEM16.
Protein-induced distortion of the lipid environment
A remarkable feature observed in the cryo-EM maps concerns the arrangement of detergent or lipid molecules surrounding nhTMEM16, which allowed us to characterize the influence of the protein on its environment. Neither detergent molecules nor nanodisc lipids are uniformly distributed on the outside of nhTMEM16. Instead, they adapt to the shape of the protein with distortions observed in the vicinity of the shorter α-helices 1 and 8 at the extracellular side and at the gap between α-helices 4 and 6 at the intracellular side. The observed distortions are found to a similar extent in all determined structures, irrespective of the presence or absence of calcium ions in detergent or lipid nanodiscs and can thus be considered as a state-independent property of the protein. These distortions result in a marked deviation from the annular shape of detergents or surrounding lipids found in most membrane proteins ( Figure 5 and Movie S6). Remarkably, the resulting undulated distribution contains depressions in both, the detergent or lipid density close to the entrances of the subunit cavity. The arrangement of the protein with its long dimension parallel to the short diameter of the oval-shaped nanodiscs reflects the preferential location of lipids at sites away from the subunit cavity ( Figure S3C to S3D). The protein affects the distribution of lipids and the shape of the plane of the bilayer in nanodiscs, which is slightly Vshaped and locally deviates from planarity at several regions ( Figure 5B ). These pronounced depressions thin and distort the lipid structure at both ends of the subunit cavity, thereby likely 9 facilitating the entry of polar head-groups into the cavity and lowering the barrier for lipid movement ( Figure 5C ).
Functional properties of mutants affecting the activation process
The distinct conformations of nhTMEM16 determined in this study hint at a sequential mechanism, in which Ca 2+ -dependent and independent steps are coupled to promote activation similar to ligand-dependent channels. We have thus investigated the functional consequences of mutations of residues of the ligand-binding site and of the moving parts of α4. For that purpose, we have purified point mutants, reconstituted them into liposomes containing fluorescently labeled lipids and characterized lipid transport using an assay that follows the irreversible decay of the fluorescence upon addition of the membrane-impermeable reducing agent dithionite to the outside of the liposomes (Brunner et al., 2014; Malvezzi et al., 2013; Ploier and Menon, 2016) . The mutation D503A located on α7 concerns a residue of the Ca 2+ binding site that does not change its structure in different protein conformations and thus clearly affects the initial ligand-binding step ( Figure 6A ). In this case, we find a Ca 2+ -dependent scrambling activity although with strongly decreased potency of the ligand ( Figures 6B and 6C ). Next, we investigated whether the mutation of two proline residues and a close-by glycine (Pro 332, Gly 339 and Pro 341), which form potential pivots during the rearrangement of α4 would alter lipid scrambling ( Figure 6A ). Whereas we did not find a pronounced effect in the mutant P341A, the mutants G339A and P332A showed a strongly decreased activity both, in the presence and absence of Ca 2+ (but no obvious change in the Ca 2+ -potency of the protein, Figures 6D to 6F and S7). As these residues do not face the subunit cavity in the 'open state' we assume that these mutants alter the equilibrium between active and inactive conformations, thus emphasizing the role of conformational changes in α-helix 4 for activation.
Discussion
By combining data from cryo-electron microscopy and biochemical assays, our study has addressed two important open questions concerning the function of a TMEM16 scramblase: It has revealed the conformational changes that lead to the activation of nhTMEM16 in response to ligand binding and it has shown how the protein interacts with the surrounding membrane to facilitate lipid translocation. Structures in ligand-free and bound states reveal distinct conformations of nhTMEM16, which capture the catalytic subunit cavity of the scramblase at different levels of exposure to the membrane during the activation process, representing a 'closed', 'intermediate' and 'open' states (Figure 3 and Movie S5). As different protein conformations are observed in presence and absence of its ligand, we propose a stepwise activation mechanism for TMEM16 scramblases, where all states are at equilibrium (Figure 7) . Here, the Ca 2+ -free conformation obtained in nanodiscs defines a non-conductive state of the protein, where the polar subunit cavity has collapsed and is shielded from the membrane by tight interactions of α4 and α6 on the extracellular part of the membrane (Figures 2A and 3C ). The protein surface of the closed subunit cavity is hydrophobic as expected for a membrane protein. This 'closed state' of nhTMEM16 resembles equivalent structures obtained for the lipid scramblase TMEM16F (as described in an accompanying manuscript) and the ion channel TMEM16A (Figures 2C and S6A) (Dang et al., 2017; Paulino et al., 2017a; Paulino et al., 2017b) , thus underlining that it is representative for an inactive conformation of both functional branches of the family. In this conformation, the Ca 2+ -binding site is empty, with the intracellular part of α6 positioned apart from the remainder of the binding site to release the electrostatic strain induced by the large negative net-charge in this region. The high mobility of this region is reflected in its weak cryo-EM density (Figures 2A, 2D, S4G and S4H) . Details of the conformational change of α6 differ between the three family members of known structure with the conformation in nhTMEM16 being closer to the one observed for TMEM16F ( Figure S6A and accompanying manuscript) (Paulino et al., 2017a) . During the activation process, Ca 2+ binding provides interactions with residues on α6. The helix rearranges into a locked state, as manifested in the well resolved cryo-EM density for its intracellular half, which shields the binding site from the cytoplasm ( Figures 1A, 2E , S1G, S1H, S5G and S5H). This Ca 2+ -induced movement of α6 in nhTMEM16 is coupled to rearrangements in its interface with α4, thereby weakening the interactions and resulting in a widening of the cavity ( Figures 2F, 3B , 4B, 4C, S6B and S6C). This partially-opened cavity is defined by the main population observed in the Ca 2+ -bound nhTMEM16 structure in nanodiscs ( Figures 2E and 3B ).
As the subunit cavity is not yet exposed to the membrane, this conformation likely does not promote lipid scrambling. Instead, it might have opened a protein-enclosed pore that could facilitate the observed ion conduction, which has been described as by-product of lipid scrambling in nhTMEM16 (Lee et al., 2016) , and which is a hallmark of the lipid scramblase TMEM16F (Yang et al., 2012; Yu et al., 2015) (see accompanying manuscript). Following the initial Ca 2+ -induced conformational transition, the activation of lipid scrambling requires a second step, which leads to a larger reorientation of α-helices 3 and 4 and a subsequent opening of the polar subunit cavity to the membrane (Figures 2B, 3A, 4, S6B and S6C) . This open state is defined by the Ca 2+bound structure of nhTMEM16 obtained in detergent and by one of the subclasses observed in the nanodisc dataset ( Figures 1A and S5D ). Thus, ion conduction and lipid-scrambling in nhTMEM16 and other TMEM16 scramblases might be mediated by distinct conformations which are at equilibrium in a Ca 2+ -bound protein (Figure 7 ). This stepwise activation mechanism is in general accordance with molecular dynamics simulations, which have started from the fully Ca 2+ -bound open structure and for which transitions leading to a partial closure of the subunit cavity have been observed in the trajectories (Jiang et al., 2017; Lee et al., 2018) The cryo-EM structures of nhTMEM16 also reveal how the protein interacts with the surrounding membrane to disturb its structure and consequently lower the energy barrier for lipid flip-flop, as predicted from molecular dynamics simulations (Bethel and Grabe, 2016; Jiang et al., 2017; Lee et al., 2018; Stansfeld et al., 2015) . Our data reveal a pronounced distortion of the proteinsurrounding environment, which is stronger than observed for the ion channel TMEM16A (Paulino et al., 2017b) . This effect is preserved in all four datasets, irrespectively of the presence or absence of ligand in detergent or nanodiscs, as their underlying structural features change little in the different conformations. The distortion causes a deviation of the detergent or lipid molecules surrounding nhTMEM16 from the annular structure observed in most membrane proteins ( Figure   5 and Movie S6). The resulting bent of the membrane in vicinity of both entrances of the subunit cavity serves to channel lipids into the catalytic unit on their way across the membrane.
In summary, our structures of nhTMEM16 have described how a calcium-activated lipid scramblase is activated in a stepwise manner and how it bends the membrane to promote the transport of lipids between both leaflets of the membrane by a mechanism that is likely conserved within the family. 
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METHODS
Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cristina Paulino (c.paulino@rug.nl).
Strains
Wild type S. cerevisiae FGY217 were grown either on YPD agar or in YPD liquid media supplemented with 2% glucose at 30 °C. After the transformation with respective plasmids, the cells were grown on yeast synthetic drop-out media without uracil with 2% glucose at 30 °C. For protein expression, the cells were transferred into a selective media containing 0.1% glucose.
Construct preparation
The sequence encoding nhTMEM16 was cloned into a modified FX-cloning compatible (Geertsma and Dutzler, 2011) pYES2 vector as a C-terminal fusion to streptavidin-binding peptide (SBP) and
Myc tags that were followed by a HRV 3C cleavage site. The mutations were introduced using a QuickChange method (Zheng et al., 2004) .
Protein expression and purification
All buffers were prepared using Ca 2+ -free water for molecular biology. Plasmids carrying the WT or mutant genes were transformed into the S. cerevisiae FGY217 strain as described (Gietz and Schiestl, 2007) using lithium acetate/single-stranded carrier DNA/polyethylene glycol method.
The cells carrying the plasmid were grown at 30 °C in a yeast synthetic dropout media until the culture reached the OD600 of 0.8. Afterwards, the protein expression was initialized by adding 2% galactose and the temperature was decreased to 25 °C. The protein was expressed for 40 hours after induction. Cells were harvested at 5,500 rpm for 10 min and resuspended in buffer A (50 mM HEPES pH 7.6, 150 mM NaCl, 10 mM EGTA) containing 1 mM MgCl2, DNAse and protease inhibitor cocktail tablets and lysed using a high pressure cell lyser HPL6 at 40 KPsi. Cell-debris 24 was removed by centrifugation at 8,000 g for 30 min. Membranes were subsequently harvested by centrifugation at 200,000 g for 1.5 hours, resuspended in buffer A containing 5% glycerol and flash-frozen in liquid N2 and stored at -80 °C until further use. During purification, all steps were carried out at 4 °C or on ice. Membranes were solubilized in buffer A containing 2% n-dodecylβ-d-maltopyranoside (DDM-β) and 5% glycerol for 1.5 h. The insoluble fraction was removed by ultracentrifugation at 42,000 rpm for 30 min. The supernatant was applied to streptavidin Ultralink resin for 1.5 h, incubated under gentle agitation. The resin containing bound protein was subsequently washed with 50 column volumes (CV) of buffer B (10 mM HEPES pH 7.6, 150 mM NaCl, 5 mM EGTA, 0.03% DDM-β, 5% glycerol).
For sample preparation for cryo EM in detergent, the purification tag was cleaved on the resin with HRV 3C protease in buffer B containing 20 µg/ml of yeast polar lipids for 2 h. The flow-through was collected, concentrated using 100 kDa cut-off centrifugal filter units at 700 g and injected into Superdex 200 size-exclusion column equilibrated in buffer C (5 mM HEPES pH 7.6, 150 mM NaCl, 2 mM EGTA, 0.03% DDM-β). Main peak fractions were pooled, yeast polar lipids were added to the sample to a final concentration of 20 µg/ml. Afterwards, the protein was concentrated to 3.3 mg/ml as described above.
For sample preparation in lipid nanodiscs, membrane scaffold protein (MSP) 2N2 was expressed and purified as described (Ritchie et al., 2009) , except that the polyhistidine-tag was not removed.
Chloroform-solubilized lipids (POPC:POPG at a molar ratio of 7:3) were pooled, dried under a nitrogen stream, and washed twice with diethyl ether. The resulting lipid film was dried in a desiccator overnight, and solubilized in 30 mM DDM-β at a final lipid concentration of 10 mM. nhTMEM16 was purified as described above, except that the uncleaved fusion construct was eluted from the beads with buffer B containing 3 mM biotin. Protein-containing fractions were pooled and concentrated as described above. Biotin was removed from the sample via gelfiltration on a Superdex 200 column. Purified protein was assembled into 2N2 nanodiscs at a molar ratio of protein:lipids:MSP of 2:725:10 as described (Ritchie et al., 2009) . Briefly, nhTMEM16 was mixed with detergent-solubilized lipids and incubated on ice for 30 min. Subsequently, purified 2N2 was added to the sample, and the mixture was incubated for additional 30 min. Detergent was removed by incubating of the sample overnight with SM-2 biobeads (200 mg of beads/ml of the reaction) under constant rotation. From this point on, detergent was excluded from all buffers. To separate the protein-containing from empty nanodiscs, the sample was incubated with streptavidin resin for 1.5 hours. The resin was washed with 3 CV of buffer B and assembled nanodiscs containing nhTMEM16 were eluted in buffer B containing 3 mM biotin. The purification tag was removed by incubation with HRV 3C protease for 2 hours. Cleaved samples were concentrated at 500 g using concentrators (Amicon) with a molecular weight cut-off of 100 kDa and injected onto a Superose 6 column equilibrated in buffer C. Analogously to the detergent sample, the main peak fractions were concentrated to around 2 mg/ml. For reconstitution into proteoliposomes, nhTMEM16 was purified as described for detergent samples used for cryo EM with minor differences: lysate was incubated with streptactin resin and eluted in buffer B containing 5 mM of d-desthiobiotin and the purification tag was not removed.
Reconstitution into the liposomes and scrambling assay
Functional reconstitution was carried out essentially as described (Malvezzi et al., 2013) . Lipids for the reconstitution (E. coli polar extract and eggPC at a ratio of 3:1 (w/w) supplemented with 0.5% (w/w) 18:1-06:0 NBD-PE) were pooled and dried as described above. The lipid film was dissolved in assay buffer A (20 mM HEPES pH 7.5, 300 mM KCl, 2 mM EGTA) containing 35 mM CHAPS at a final lipid concentration of 20 mg/ml, aliquoted, flash-frozen and stored until further use. On the day of reconstitution, lipids were diluted to 4 mg/ml in assay buffer A and purified protein was added to the lipid mixture at a lipid to protein ratio of 300:1 (w/w). The mixture was incubated for 15 min at room temperature (RT). Biobeads (15 mg of beads/mg of lipids) were added in 4 steps (after 15 min, 30 min, 1 h and 12 h). After the second addition of biobeads, the sample was transferred to 4 °C. The proteoliposomes were harvested by centrifugation (150,000 g, 30 min, 4 °C), resuspended in assay buffer A containing desired amounts of free Ca 2+ (calculated with the WEBMAXC calculator) (Bers et al., 2010) at a final concentration of 10 mg/ml, flash-frozen and stored at -80 °C until further use. On the day of the measurement, the liposomes were frozen and thawed 3 times and extruded through a 400 nm polycarbonate membrane 21 times. Scrambling data was recorded on a Horiba Fluoromax spectrometer. For the measurement, liposomes were diluted to 0.2 mg/ml in assay buffer B (80 mM HEPES pH 7.5, 300 mM KCl, 2 mM EGTA) containing corresponding amounts of free Ca 2+ .
Sodium dithionite was added after 60 sec to a final concentration of 30 mM and the fluorescence decay was recorded for additional 340 sec. Data were normalized as F/Fmax. Reconstitution efficiency of mutants as compared to wild type nhTMEM16 was estimated by Western blotting using a semi-dry transfer protocol. Protein was detected using mouse anti-c-Myc antibody as a primary (1:5,000 dilution) and goat anti-mouse coupled to a peroxidase as a secondary antibody (1:10,000 dilution).
Cryo-electron microscopy sample preparation and imaging
2.5 µl of freshly purified protein at a concentration of 3.3 mg/ml when solubilized in DDM-β and around 2 mg/ml when reconstituted in nanodiscs were applied on holey-carbon cryo-EM grids (Quantifoil Au R1.2/1.3, 200, 300 and 400 mesh), which were prior glow-discharged at 5 mA for 30 s. For datasets of Ca 2+ -bound protein, samples (containing 2mM EGTA) were supplemented with 2.3 mM CaCl2 before freezing, resulting in a free calcium concentration of 300 µM. Grids were blotted for 2-5 s in a Vitrobot (Mark IV, Thermo Fisher) at 10-15 °C and 100% humidity, plunge-frozen in liquid ethane and stored in liquid nitrogen until further use. Cryo-EM data were collected on a 200 keV Talos Arctica microscope (Thermo Fisher) using a post-column energy filter (Gatan) in zero-loss mode, a 20 eV slit, a 100 µm objective aperture, in an automated fashion using EPU software (Thermo Fisher) on a K2 summit detector (Gatan) in counting mode. Cryo-EM images were acquired at a pixel size of 1.012 Å (calibrated magnification of 49,407x), a defocus range from -0.5 to -2 µm, an exposure time of 9 s with a sub-frame exposure time of 150 ms (60 frames), and a total electron exposure on the specimen of about 52 electrons per Å 2 . The best regions on the grid were screened and selected with an in-house written script to calculate the ice thickness and data quality was monitored on-the-fly using the software FOCUS (Biyani et al., 2017) .
Image Processing
For the detergent dataset collected in presence of Ca 2+ , the 2,521 dose-fractionated cryo-EM images recorded (final pixel size 1.012 Å) were subjected to motion-correction and dose-weighting 27 of frames by MotionCor2 (Zheng et al., 2017) . The CTF parameters were estimated on the movie frames by ctffind4.1 (Rohou and Grigorieff, 2015) . Images showing contamination, a defocus above -0.5 or below -2 µm, or a poor CTF estimation were discarded. The resulting 2,023 images were used for further analysis with the software package RELION2.1 (Kimanius et al., 2016) .
Around 4,000 particles were initially manually picked from a subset of the dataset and classified to create a reference for autopicking. The final round of autopicking on the whole dataset yielded 251,693 particles, which were extracted with a box size of 220 pixels and initial classification steps were performed with two-fold binned data. False positives were removed in the first round of 2D classification. Remaining particles were subjected to several rounds of 2D classification, resulting in 174,901 particles that were further sorted in several rounds of 3D classification. A map created from the X-ray structure of nhTMEM16 (PDBID: 4WIS) was low-pass filtered to 50 Å and used as initial reference for the first round of 3D classification. The resulting best output class was used as new reference in subsequent jobs in an iterative way. The best 3D classes, comprising 128,648 particles, were subjected to auto-refinement, yielding a map with a resolution of 4.3 Å. In the last refinement iteration, a mask excluding the micelle was used and the refinement was continued until convergence, which improved the resolution to 4.0 Å. The final map was masked and sharpened during post-processing resulting in a resolution of 3.9 Å. Finally, the newly available algorithms for CTF refinement and Bayesian polishing implemented in Relion3.0, were applied to further improve the resolution (Zivanov et al., 2018) . A last round of 3D classification was performed, resulting in 120,086 particles that were subjected to refinement, providing a mask generated from the final PDB model in the last iteration. The final map at 3.6 Å resolution was sharpened using an isotropic B-factor of -126 Å 2 . During final 3D classification and autorefinement, a C2-symmetry was imposed. Local resolution was estimated by RELION. All resolutions were estimated using the 0.143 cut-off criterion (Rosenthal and Henderson, 2003) with gold-standard Fourier shell correlation (FSC) between two independently refined half maps (Scheres and Chen, 2012) . During post-processing, the approach of high-resolution noise substitution was used to correct for convolution effects of real-space masking on the FSC curve (Chen et al., 2013) . The directional resolution anisotropy of density maps was quantitatively evaluated using 3DFSC (Tan et al., 2017) .
For the other datasets, a similar workflow for image processing was applied. In case of the detergent dataset collected in absence of Ca 2+ , a total of 435,660 particles were extracted with a 28 box size of 256 pixels from 2,947 images. Several rounds of 2D and 3D classification resulted in a final number of 214,170 particles, which yielded a 4.5 Å map after refinement. After postprocessing the resolution improved to 4.0 Å. The dataset in nanodisc in absence of Ca 2+ resulted in 1,379,187 auto-picked particles from 6,465 images extracted with a box size of 240 pixels, which were reduced to 150,421 particles after several rounds of 2D and 3D classification. CTF refinement and Bayesian polishing followed by a final round of 3D classification was performed, resulting in a selection of 133,961 particles. The final refinement and masking resulted in a 3.8 Å resolution map. Finally, for the dataset in nanodiscs in the presence of Ca 2+ , 1,379,187 particles were picked from 5,743 images and extracted with a box size of 240 pixels. The final set of 276,232 particles was refined providing a mask in the last iteration, and subsequently post-processed yielding a map at a resolution of 3.6 Å. To assess conformational heterogeneity within the dataset, the nanodiscs was subtracted form the final set of particles and subjected to 3D classification revealing three distinct conformations of the subunit cavity.
Model building refinement and validation
For all datasets, the X-ray structure of nhTMEM16 (PDBID: 4WIS) was used as template. All structures were manually edited in Coot (Emsley and Cowtan, 2004) prior to real-space refinement in Phenix with secondary structure constrains and NCS (Adams et al., 2010) . Whereas structures of nhTMEM16 in detergent closely resemble the X-ray structure, pronounced conformational changes for a3 and a4, and to a lesser extent for a6 were observed in structures obtained in lipid nanodiscs. In ambiguous regions, model building was guided by structures refined at higher resolution (i.e. from Ca 2+ -bound structures of nhTMEM16 in detergent and nanodiscs). For all datasets, it was possible to build the loop connecting the cytoplasmic and the transmembrane domains (residue range 130-140), which was disordered in the X-ray structure. As the loop connecting Ca1-Ca2 was more mobile compared to X-ray structures, residues 651-664 were not modeled. In case of the Ca 2+ -free structure of nhTMEM16 in nanodiscs, the density of the loop connecting a5' and a6 was weaker than in other structures, and residues 417-424 were not interpreted in this model. For validation of the refinement, Fourier shell correlations (FSC) between the refined model and the final map were determined (FSCSUM, Figures S2E, S3E , S4E 29 and S5E). To monitor the effects of potential over-fitting, random shifts (up to 0.3 Å) were introduced into the coordinates of the final model, followed by refinement in Phenix against the first unfiltered half-map. The FSC between this shaken-refined model and the first half-map used during validation refinement is termed FSCwork, the FSC against the second half-map, which was not used at any point during refinement, FSCfree. The marginal gap between the curves describing (Pettersen et al., 2004) and ChimeraX (Goddard et al., 2018) . (A) Ribbon representation of a superposition of the Ca 2+ -free structure of nhTMEM16 in nanodiscs (light red and grey) and the Ca 2+ -free structure of TMEM16F described in an accompanying study (dark red). (B) Pore diameter at the constriction of the subunit cavity in the three conformations calculated with HOLE (Smart et al., 1996) . (C) View of the constriction of the 'subunit cavity' in three different conformations from the extracellular side. The protein is shown as Cα-trace with selected sidechains displayed as sticks. Shown is the cryo-EM density map of nhTMEM16 obtained in complex with Ca 2+ in detergent superimposed on the refined structure. For clarity, only a single subunit is shown (light green) with the cytosolic C-terminal helix of the adjacent subunit colored in grey. The cryo-EM map is depicted as surface, the model as light green sticks, and calcium ions as orange spheres.
Movie 2: Structure of nhTMEM16 in detergent in absence with Ca 2+ , Related to Figure 1 Shown is the cryo-EM density map of nhTMEM16 obtained in absence of Ca 2+ in detergent superimposed on the refined structure. For clarity, only a single subunit is shown (coral) with the cytosolic C-terminal helix of the adjacent subunit colored in grey. The cryo-EM map is depicted as surface and the model as coral sticks.
Movie 3: Structure of nhTMEM16 in nanodiscs in absence with Ca 2+ , Related to Figure 2
Shown is the cryo-EM density map of nhTMEM16 obtained in complex with Ca 2+ in lipid nanodiscs superimposed on the refined structure. For clarity, only a single subunit is shown (red)
with the cytosolic C-terminal helix of the adjacent subunit colored in grey. The cryo-EM map is depicted as surface and the model as red sticks.
Movie 4: Structure of nhTMEM16 in nanodiscs in complex with Ca 2+ , Related to Figure 2
Shown is the cryo-EM density map of nhTMEM16 obtained in complex with Ca 2+ in lipid nanodiscs superimposed on the refined structure. For clarity, only a single subunit is shown (green)
with the cytosolic C-terminal helix of the adjacent subunit colored in grey. The cryo-EM map is depicted as surface, the model as green sticks, and calcium ions as orange spheres. 
